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\w/ 2013 AFOSR SPRING REVIEW

NAME: AEROSPACE MATERIALS FOR EXTREME ENVIRONMENTS

BRIEF DESCRIPTION OF PORTFOLIO:

To provide the fundamental knowledge required to enable revolutionary
advances in future Air Force technologies through the discovery and
characterization of materials that can withstand extreme environments.

LIST SUB-AREAS IN PORTFOLIO:

« Theoretical and computational tools that aid in the discovery of new materials.

 Ceramics
+ Metals
* Hybrids (including composites)

« Mathematics to quantify the microstructure to Predictive materials Science

* Physics and chemistry of materials in highly stressed environments

« Experimental and computational tools to address the complexity of combined
external fields at extreme environments.
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Carbides (SIC, TaC, Ta,C)
Textile Based Hybrid Composite

II. Materials Far from Equilibrium
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Surface Catalysis at Extreme Environment

Ill. Challenges, Motivations and New initiatives.

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution



\ /) “I'ne Dream:”
%  Computational Material Design

“@”\W. Windl (OSU), K. Flores (WASHINGTON U. ), D. Hoffmann (CALTECH), E. Marquis (U. MICHIG

Pick a set of structures
& compositions

!

Computer Calculate their
properties
No
“Optimal?” I_’ Improve
structure/composition
Yes
Lab or Fab Experimental

fabrication & testing

DISTRIBUTION STATEMENT A — Unclassified, UnlimitetrD



\

\\ Ab-Initio Calculations

- \‘\\?*c{
Q\/ W. Windl (OSU), K. Flores (WASHINGTON U. ), D. Hoffmann (CALTECH), E. Marquis (U. MlCHlG/A}RT“

¢

b 4

Input: Output:

tructure,
Energy

Band structure
EELS spectra

Kinetic parameters
Thermal properties
Mechanical prop’s

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution



=

Liguid 1100 E liq __

Melting
termperature

1050 |

u Crystalline — I
-:é % 1000 L = O '®) p
E}_ s_)' 950 [ 0 7()? 5 o O _-'
£ % 900 = :
5 ¢ . :
= Supl-ermdn::-led g 850. CryStaI 7
iqui o \ A
critical £ 800 00 ]
Carperatire [ £ gooling-rate = 750 e em :
3 O O m By 1
Glass TORE, i o il ool s vl
10 100 1000 10000
0 - ,
Time time (s)
Crystallization inhibitors: Good packing
1. Driving Force: Icosahedra / density
2. Kinetics: Viscosity (fragility)
Direct Measurement:
Critical Cooling Rate No crystalline
—Not computationally feasible symmetry (5-fold
—Real time: 1 ms o '
—20 CPUs: 200 Years Stabilize liquid;
don'’t lead to crystal nuclei Frank, F. C. (1952).
DISTRIBUTION STATEMENT A - Unclassified, Unlimited Distribution AFR 6




Interatomic Potentials

A\
\/W Windl (OSU), K. Flores (WASHINGTON U. ), D. Hoffmann (CALTECH), E. Marquis (U. MICHIGA&I

[ [Ag [Ar[Au]Be|Ce[CofcuLa[Mg[Nb[Ni[Ta[Ti]| 8 (00p £ Icosahedron Fraction
I I I I ] .
Au[iZos6E0BO] | | | || atomistics.osu.edu T ¢ ~>y
B [ ] . | L 6.0% X incy.
[Ce 0196 BS00MM8 | | | C - Sase ;. .
[Co /500|264 5546 IS09I657 || I N jecq
(Cu 3049 398474240570 2045 814 | T 4.0% F . Saheqy
La .55 [3.280[1.935[0716][1.827[1.345 1887 | . ra
Mz [1.021 |[1.536[0.5521.386 0.807/0.900 1 361 [0.746) .
@----m@-L 2.0% }F .
|Ni [6.836 [4.0695.339 [0.494][1 812 23[2.425[1.129/5.53 ¢ .
Ta[2.400 -|_|-[%T88\1.457 563/[1.408/[2.400[3.11 |
i, 00 ' '
zr 2721 3.840(3.0893.286[3.851 [3.618 [2.3711.790[2.225 [8.558
35.0 45.0 55.0
« Chosen Method. Green-Kubo
V Zr [at%o]
7 =lim.~— (Ps(ty +5)P,,(ty))ds
t— .
o0 A|664N|252r86 l
13 1 ( 4 ) ' ' Glassy &
1 =1, cXp -
11 t r-T, Fragility Ductile!
S 9r Vogel-Fulcher-Tammann relation Glass
2 7 | knownto describe Bs _ d(logn) Formabl
g 5 L Intermetallics 18 (2010) 406-411 d(Tg/T)// regIOHS
23 s Ward, Agrawal,
1t o Flores, Wind|
N S (to be published)  ZI
3

) 0.50 0.60 0.70 Tng 0.80 0.90 1.00 \ — Unclassified, Unlimited Distribution AFR



A. Taylor (




\

A V.
N7 OUTLINE

>

b d

. Predictive Materials Science

Bulk Metallic Glasses
Carbides (SIC, TaC, Ta,C)
Textile Based Hybrid Composite

II. Materials Far from Equilibrium

Micro-Architectured Surfaces
Surface Catalysis at Extreme Environment

Ill. Challenges, Motivations and New initiatives.

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution



A » Direct MD prediction compared to fracture and
N

A dislocation nucleation models for SIiC
‘Q’ D. Warner (CORNELL U.)

Failure Mechanism (Devanathan Tersoff
Potential)

e e
b e o A

straim rate [log)

s Fracture on 111 Di/s;;cation N
shuffle plane /1llglide plane

@ @ @ O O =
0 200 400 600 800 1000

Temperature (K)

Devanathan potential activation energy vs Erhart potential activation energy vs . . .
temperarure temperature  Activation energy predicted
14 L by the continuum model
0.9 70
1.2 O, ;
08 g, * Elastic constants(T) + surface
= = @ :
g ! 8 o7 Ton energies(T) + unstable
Y 70 . o O. H M
g os Ostorer, g e % stacking fault energies(T) +
3 \100 Y 167, % 0.5 41l ep %,
3 0.6 Slip S 3 o \-ﬁrgy\f&ff)ﬁﬁ
3 ey || B 1, %, Q k. TN
L2 oa Do s 2 o3 87 S 3D I B 0
»l)e,.gy%]; L N /OeoerA \%\ k T = n( . dQ )
0.2 N 1™ 111 surface energygL@ﬁ‘ B —K —x3D
111 Surface effergy > 0.1 s I dK
|
° (0] 200 400 600 800 ° (0] 200 400 600 800
Temperature (K) Temperature (K)

O

STRIBUTION STATEMENT A —Unclassified, Unlimited Distribution



A\

\

\ b\ . . . ] < *" |
N /Orlentatlon Relationship of TaC and Ta,C; phase \
) (P % ﬁ
'\0} G. Thompson (U. ALABAMA) k
<10-10>Ta,C, <110>TaC trsiidieciibiniililc hsiieris
........................ T {' .
...................... g0 | i % __.-% —csl 17
............... < 60 | . 1"
.............. ol i ls 4
{6
“r ] . % 14
0 [ ] [ ] n
0.5 0:6 Dl? 0:3 0:9 1 1.12
C/Taratio
® ® ® <110> @
= = = = = =
L 1 L1 T -1 r= rY 5 J
“
TaC -«
[ . [
® . o]
¢ Loss of C on
TaC FCC-like structure yields FOUR {111} variants {111} planes {111} plane to
— leads to equivalent precipitation habit planes for

yield Ta,C,
Ta,C; -criss-cross pattern morphology of laths "

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution

11



N

gC I 1 I I I I I I
8G| -
sk — 6 micron i
—— 3 micron 2
6G| -
T
0] 5G| -
o
E 4G - =
»n
3G -
2GH -
16 1 .
G | 1 1 | 1 | 1 |
0 500 1000 1500 2000 2500 3000 3500 4000

Displacement [nm]

» Deviation from linearity

« Pop-in or displacement bursts, buckling, cracking

 Max CRSS on {111} planes

 Plastic flow due to formation of slip bands

» Shearing and cracking rather than catastrophic fracture specially
in 6um pillars
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D. Marshall, B. Cox (TELEDYNE), F. Zok (UC SB), B. Fahrenholtz (MST), P. Kroll (UT AUSTIN), Q. YANG (U. MIAMI), R. RITCHIE (UC BERKELEY)

« Highly integrated research program: graduate students & post docs

« 35 journal publications; 23 plenary/keynote presentations at international conferences
(including Mueller award lecture at ICACC'12, 4 lectures at 2012 Ceramics Gordon
Conference); 12 conference proceedings; 25 other conference papers

« Active collaborations with 10 universities.
« Sharing of data & modeling with AFRL, Army, NASA, Rolls Royce

* QOrganized International Summer School on Materials for Hypersonics, UCSB, Aug.
2011. Organized International workshop on high-temperature ceramic composites,

Boulder CO June 12-15 2012; www.engineceramics.org

Nonongl www.nhsc-ms.org

Personic

Scnence Center
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Structu res SCIENTIFIC COMPANY
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The University of Tex:
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/)\ Materials Far from Equilibrium:

-~ Micro-Architectured Surfaces
/[ UCLA
A PM (1600, 0.5) 0  Plasma Erosion & Modeling (Wirz - UCLA).
T O  Plasma Source Development (Goebel — JPL/UCLA)
[3333e o oo b O  Secondary Electron Emission & Plasma Modeling (Raitses,
o 0.2 Kaganovich - PPPL).
g oo ’,)’ o ' ' Q  Materials Characterization (Thompson - UA).
Z§ O  High Heat Flux Testing (Ghoniem - UCLA).
¥ 0o wiosso A Manufacturing of Micro-architectured Materials (Williams -
< (M  ULTRAMET).
S "0 Multiscale Modeling of Material Damage (Ghoniem - UCLA).
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Damage for Heat flux <1 MW/m?
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Hopping of the adatom is the dominant
mechanism on (110) surface. The formation and
the movement of surface crowdions contributes

o (a) (b)
mostly on (001) surface. Exchange mechanism is

also important on (001) surface, biaxial strain can
manipulate the relative contribution of Path-Ex
and Path-Crow.
(©) (d)
MD simulation indicates that the bombardment
of a Xe atom induces ballistic diffusion of W
atoms (W1 in the graph) and causes the

formation and evolution of crowdions near the . Snapshots of the bombardment of a Xe atom (KE =
surface. DISTRIBUTION STA" —..—... [ - 100 V) on W(001) surface at T = 200 K. !
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Surface Catalysis Testing in a 30kW ICP
Torch Facility

ﬁ. % Approach: Compare surface-
Bz catalyzed reaction efficiencies for
flexible and rigid materials with same
N . elemental composition by measuring
Atmosphere et relative atom density and
| Relaation temperature gradients above
material samples in the 30 kW ICP
1 Torch Facility using laser induced
" X fluorescence
\ [Distarces Exagesrated for Descritpitis Puipsiae] - y
—~ — e 2 | N+N+[s]-[s]+N,
2 —duldx | %’ [
000 A N\ Spatially resolved
Meal o3 ' measurement location
H:i““ E{& Relaxation t..‘ :, D /
Zone ~d,
. 1~ NEQBL 1
00O T
% 3 Flight environment to ground
facility testing comparison
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\ / Surface Catalytic Effect of SiC Testing in a
b4 30kW ICP Torch Facility
@ D. Fletcher SU VERI\/IONT: J. Marshall (SRI), M. Akinc (ISU), J. Prepezko (U. Wlsconsm)
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007 % o Quartz [20120404] i
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*Relative N atom concentration measurements for quartz and monolithic a-SiC

Increasing concentration toward wall indicates low surface catalyzed reaction efficiency

*From the ny plot, it can be seen that a-SiC (T,, = 1300 K) is of comparable catalycity to quartz (T, <
1000 K)
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Q 7 2012 BRI: 2D-Materials for Extreme Environments
° 2013 BRI: Charge Transfer at the Interface

* Demkov: Diffuse Interface
* Inoue: Stoichimetyry of Hf; ,O, .

* Heidger: Termination

Demkov 2010 Inoue 2009 Heldger 2012
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SUMMARY

2012 MURI: Mosaic of Structure (CMU): Descriptor Challenge (wt. Dr. Fahroo)
2012 MURI: Atomic Scale Interface (LEHIGH) / (Dr. Shifler / ONR)
2013 MURI: Peridynamics (wt. Drs. Stargel & Fahroo)

2013 BRI: Layered Structured Materials (2D E-Gas)

2012 MURI: Template-Directed Directionally Solidified Eutectic Metamaterials

2013 MURI: Magneto-Electric Energy Conversion Materials and Terahertz
Emission in Unbiased Dielectrics (wt. Dr. Luginsland)

2013 BRI:  Metal Dielectric Interface: Charge Transfer in Heterogeneous
Media under Extreme Environments (wt. Dr. LUR'IQJ_&)H
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